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ABSTRACT 
Magneto-Optical Spectroscopy of Metallic Carbon Nanotubes 
by 
Thomas A. Searles, Jr. 
Through polarization-dependent, magneto-optical absorption spectroscopy, the mag-
netic susceptibility anisotropv for metallic single-walled carbon nanotubes has been 
extracted and found to be up to 4x greater than values for semiconducting single-
walled carbon nanotubes. Consistent with theoretical predictions, this is the first 
experimental evidence of the paramagnetic nature arising from the Aharonov-Bohm-
phase-induced gap opening in metallic nanotubes. We also compare our values with 
previous work for semiconducting nanotubes, which confirm a break from the pre-
diction that the magnetic susceptibility anisotropv increases linearly with the diam-
eter. 
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Chapter 1 
Magnetic Properties of Graphitic Materials 
The magnetic properties of the derivatives of carbon have been thoroughly researched 
and discussed over the past 80 years with a multitude of interest concerning the dia-
magnetic response of graphite[1]. The total magnetic susceptibility, x, of graphite 
is reported to be —88 xl0~~6 emu/mol at room temperature[1], more than ten times 
larger than that of diamond (x(diamond) = —5.5 x 10~6 emu/mol[l]). As a com-
parison, the only other materials with larger diamagnetism than graphite are super-
conductors which are perfectly diamagnetic, x(superconductor) = —1 emu/mol. One 
can even find many videos about the large diamagnetism of graphite on YouTube 
such as one featuring a toy based on the magnetic levitation created by small blocks 
of graphite [2] and another demonstrating a floating pencil lead [3]. 
Magnetic susceptibility is defined by the following [4]: 
M = \ H (1.1) 
where M is the magnetization intrinsic to the material and H is the applied magnetic 
field. When x > 0. the material is said to be paramagnetic where the magnetic 
dipole moment of the system orients toward the direction of the applied magnetic field 
[4], Conversely, when \ < 0, the material is diamagnetic. and the magnetic dipole 
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moment repels from the applied magnetic field [4]. The third category of magnetism 
is ferromagnetism in which 110 applied magnetic field is necessary for magnetization 
to be present. 
Conventional allotropes of carbon are diamond, graphite, and graphene. Advances 
in material science and nanotechnology have developed other carbon derivatives such 
as graphene oxide [6], graphene nanoribbons [7], fullerenes [8], and single-walled car-
bon nanotubes (SWNTS) [9, 10]. As the structure and size of these materials change, 
the physical properties can be vastly different [5]. 
As an example of how structure and size can play a part in determining differences 
in magnetic susceptibility, we can briefly introduce the "original" buckyball C60 and 
its close relative C70 . The magnetic susceptibility of Ceo is given to be ~ —4 x 10~ 6 
emu/mol [11], on the same order as x (diamond). However, x(Ceo) is more than two 
times less than x(C7o) even though they are in the same family of allotropes [12], 
Furthermore, C60 contains a benzene ring structure which many have attributed to 
the large diamagnetism seen at room temperature for graphite [1]. Table 1.1 details 
magnetic susceptibilities of graphitic materials as reported in the literature. 
At room temperature as seen in Fig. 1.2, SWNTs, regardless of whether they 
are metallic or semiconducting, are predicted to behave like graphite, with the first 
estimation of diamagnetism for bundled nanotubes even greater than that of graphite. 
However, structure/chirality arid magnetic field play an important role in determining 
the magnetic susceptibility anisotropy (A\ = |\i| — \ j J ) seen in individualized SWNTs 
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Figure 1.1 : Graphene is the starting material for many carbon allotropes including all 
carbon nanomaterials. Each have their own unique physical properties depending on 
structure/chirality, size, and dimensionality. The OD buckvball (left) is shown along 
with the ID single-walled carbon nanotube (middle) and graphene sheets/graphite 
(right); adapted from [5]. 
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Figure 1.2 : Magnetic susceptibilities as a function of temperature of various carbon 
derivatives where CGS ppm/mol = emu x 10 G/rnol. Adapted from [1, 11] 
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Table 1.1 : Values of \ for Carbon Allotropes: All values are ~ 10 6 emu/mol. 
Material \ 
Graphite/HPGO[l] -88 
Bundled SWNTs[ll] -120 
Diamond[l] -5.5 
C60 [11] -4.23 
C70 [12] -7.1 
where Xj| is the magnetic susceptibility along the nanotube axis and is the magnetic 
susceptibility transverse to the nanotube axis. 
Throughout this thesis, the focus will be on explaining and detailing our latest 
work on the magnetic properties of SWNTs. Specifically, it will determine the A^ for 
metallic SWNTs which is theorized to be 2 — 5x larger than A^ for semiconducting 
nanotubes. First, in chapter 2, we will explain the theory behind the novel magnetic 
properties of SWNTs as a result of the Aharonov-Bohm physics [13, 14] at high 
magnetic fields. Then, in chapter 3, we will detail recent experimental work on the 
magnetic susceptibility anisotropy of semiconducting nanotubes. The heart of the 
thesis, chapter 4. will contain results from our magnetic linear dichroism experiment 
up to 35 T on CoMoCAT SWNTs in which we extracted the large predicted value 
of the magnetic susceptibility anisotropy and compared those values directly with 
semiconducting nanotubes in the same sample for the first time. 
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Chapter 2 
Theory for Magnetic Properties of S W N T s 
2.1 Single-Walled Carbon Nanotubes 
Single-walled carbon nanotubes (SWNTs) are cylindrical sheets of graphene with 
diameter on the scale of ~ 1 nm. Depending on the chirality (the manner in which 
the graphene sheet is rolled), the physical properties of SWNTs change, making them 
an interesting system to study ID physics. The chiral vector is defined as: 
Ch = na,i + ma2 (2.1) 
where d\ and 0.2 are the unit vectors determined by the lattice constant a of graphene 
such that a = |oi| = 1 = 2.46 A. Each chiral index (11.111) represents a particular 
type of SWNT as seen in Fig. 2.1. There are three main types of nanotubes defined 
by (n,m): chiral (n ^ m,m 0), zizag (n, 0), and armchair (n = rn). From (n,m) , 
one can determine parameters such as the diameter, number of C atoms per unit cell, 
arid the crystal structure. The band structure of nanotubes can be described by the 
linear dispersion of a graphene sheet under cylindrical boundary conditions: 
E{\hD\) = Ihnhoa (2.2) 
where |fc2£)| is the 2D wave vector and 70 is the overlap integral. 
Under these conditions, the electrons in this system move as planar Bloch wave-
functions described by: 
'••,,•(/•'! (),) ,„:('•) (2-3) 
Ch can be viewed as a "cutting line" across the graphene lattice. If this vector passes 
through the K point of the 1st Brillouin Zone, the bandgap = 0 and the nanotube 
is metallic. When Ch does not pass through the K point, then the nanotube is 
semiconducting. As a simple rule, a nanotube with index (n,m) is metallic if: 
(n — m) mod 3 = 0. (2.4) 
Equation 2.4 is a result of the boundary conditions set on the wavefunction of 
a graphene sheet shaped into a cylinder. According to this simple rule, armchair 
nanotubes are always metallic. If (n, m) for other types of tubes do not satisfy this 
rule then the nanotube is semiconducting. The dispersions of the semiconducting 
(6,5) nanotube and the metallic (6,6) nanotube can be seen in Fig. 2.2 and Fig. 2.3. 
2.2 Aharonov-Bohm Effect on Optical Absorption of S W N T s 
Ajiki and Ando reported calculations showing that the band structure for SWNTs 
changes as a function of the amount of Aharonov-Bohm flux [13, 14] through the 
center of the nanotube [16]. 
Depending on the amount of flux, the bandgap oscillates between having semi-
conducting and metallic properties as seen in Fig. 2.2. Furthermore, metallic and 
semiconducting nanotubes respond to Aharonov-Bohm flux in opposite ways; i.e. the 
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band gap shrinks with magnetic field for semiconducting nanotubes and increases with 
magnetic field for metallic nanotubes. They predicted that through polarized optical 
absorption spectroscopy this theory could be realized due to the optical selection rules 
of SWNTs. Light polarized parallel to the tube axis is absorbed whereas light polar-
ized perpendicular is not absorbed due to the depolarization effect [17]. Zaric et al. 
successfully showed that this was the case for HiPco SWNTs up to 45T [18]. Other 
optical experiments regarding Aharonov-Bohm physics in carbon nanotubes include 
magneto-photoluminescence spectroscopy on dark-excitions in SWNTs (macroscopi-
cally [19, 20, 21] and microscopically on single nanotubes[22]). 
2.3 Novel Magnetic Properties of S W N T s 
Ajiki and Ando then extended their interpretation of the Aharanov-Bohm effect to 
the magnetic properties of SWNTs [16, 23]. They found that the magnetic properties 
of single-walled carbon nanotubes change with the direction of the magnetic field with 
respect to the tube axis, yielding a magnetic anisotropy given by Ax = \x\\ — 
Metallic; nanotubes are paramagnetic along the tube axis (^n > 0) and diamagnetic in 
the perpendicular direction < 0), whereas semiconducting tubes are diamagnetic 
in all directions (X|| < 0 and < 0). They calculated A;\- ~ 1 — 2 x 10~5 emu/mol 
for semiconducting SWNTs and Ax ~ 5 — 10 x 10 - 5 emu/mol for metallic nanotubes 
as seen in Fig. 2.3. Furthermore, they found that Ax scales linearly with diameter. 
Similarly. Lu also investigated the magnetic properties of SWNTs using a London 
approximation in the same manner as theorists at that time used to studying benzene 
rings in C<JO[1]- He also predicted that metallic and semiconducting nanotubes have 
very different magnetic susceptibility anisotropics with values on the same order as 
Ajiki and Ando. From Fig. 2.3 at 90° (X||), both metallic and semiconducting nan-
otubes are diamagnetic, but as 9 increases to 0° (x±) metallic nanotubes' x increases 
to be paramagnetic. Lu calculated x from the following equation [24]: 
d2F(H,T) 
x = (2-5) 
where the Free energy, F(H,T), is a function calculated from the temperature, mag-
netic field and the band structure. As the magnetic flux increases through the nan-
otube, the equation changes for metallic nanotubes such that they become param-
agnetic in that direction. This is a result of the bandgap increasing as due to the 
Aharonov-Bohm flux through the nanotube. Similarly, for semiconducting nanotubes 
the bandgap decreases with magnetic field resulting in diamagnetism from Equation 
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O: metal • : semiconductor 
Figure 2.1 : Graphene sheet with labeled (n ,m) for metallic and semiconducting 
SWNTs from Ref. [15], 
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k (1/nm) 
Figure 2.2 : Dispersion E vs. k for semiconducting (6,5) nanotube. (Developed 
through the use of the nanotube calculator (Boston University)) 
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k (1/nrn) 
Figure 2.3 : Dispersion E vs. k for metallic (6,6) nanotube. (Developed through the 
use of the nanotube calculator (Boston University)) 
13 
Figure 2.4 : Bandgap as a function of magnetic flux through the nanotube. Note that 
it oscillates for both semiconducting {y = ±1) and metallic: {u — 0) nanotubes. (Ref. 
[17])) 
-14 
o 
CD 
> 
<D > 
co 
CM 
f 
o 
•It 
o 
m 
c. 
3 
1.0 
0.0 
-1.0 
-2.0 
3.0 
2.0 
i i i 
Perpendicular Field 
~ 1.0 
C L 
CD 
o 
<o 
r j 
CO 
0.0 
•1.0 
- Parallel f ield 1 • » • V 
5 1 
— • • • 
• ^ ^ — 0 -
* II M I t tt 11 II I I II f t 
»a / \ 
* 
X ... 
• • 
- ±1 -
( o J\ y 
• • 
• • 
^^^ i 
-1.0 -0.5 0.0 0.5 1.0 
Fermi Energy (units of 4^/3L) 
Figure 2.-5 : (a) Bandgap as a function of Fermi Energy, E f . (b) x± f° r semiconducting 
(v = ±1) and metallic nanotubes (// = 0) as a function of Ef (c) x\{ f° r semiconducting 
and metallic nanotubes as a function of Ef (Ref. [23]). 
0 30 60 90 
*E>) 
Figure 2.6 : Angular dependence of \ f° r SWNTs, where 9 = 90° is x± and 9 = 
0° is X||- Note that Ax\' for metallic nanotubes (dotted) is 5 larger than for 
semiconducting nanotubes (dashed) (Ref. [24]). 
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Chapter 3 
Previous Work on Magnetic Susceptibility 
Anisotropy of Semiconducting Nanotubes 
3.1 Estimation of Ax using Magneto-Photoluminescence 
Zaric et al. were the first to experimentally confirm the theoretical predictions pre-
sented by Ajiki, Ando, and Lu with their measurements on HiPco nanotubes. They 
performed magneto-photoluminesce excitation (PLE) spectroscopy up to 45T using 
the hybrid magnet at the National High Magnetic Field Laboratory in Tallahassee, 
FL as seen in Fig. 3.1 [25]. The magnetic susceptibility anisotropy was estimated 
by measuring the amount of redshift in the photoluminescence (PL) spectrum and 
extracting values for u, a dimensionless ratio of the alignment energy and the thermal 
energy such that u = \J ^^t* • As a result, this parameter u is a function of N the 
number of carbon atoms per unit length, magnetic field B, and temperature T. 
One can use the Maxwell-Boltzmann distribution function for the probability den-
sity of an ensemble of SWNTs being at an angle 0 with respect to the direction of 
the magnetic field is given as: 
J J exp ( - u2 sin2 0) sin Odd 
Using Equation 3.1 and the definition of u they found that for their sample, 
-17 
Energy (eV) 
Figure 3.1 : Magneto-PL spectra of HiPco SWNTs up to 4-5T from Ref [25]. Note 
that for all chiralities present, there is a substantial redshift for each peak. The inset 
shows the diameter dependence of u as defined in 3.1 
A\ increased linearly with diameter. Furthermore, they confirmed that A\ is ~ 
10~5 emu/mol for semiconducting SWNTs [16, 24, 23]. 
3.2 Measurement of the Polarized Optical Absorption Cross 
Section of S W N T s 
Through the use of polarized absorption spectroscopy, the Kikkawa group at Univer-
sity of Pennsylvania, investigated the polarized optical absorption cross section of laser 
oven nanotubes [26]. They suspended the nanotubes in a gel while simultaneously 
aligning the SWNTs with the use of a 9 T magnet. From polarized Raman spec-
troscopy measurements they independently determined that, their nanotubes with an 
average length of ~ 500 nm had a A\- = 6.7 x 10"5 emu/mol. This large magnetic 
-18 
.5 1.0 1.5 2.0 2.5 3.0 3.5 
Energy (eV) 
Figure 3.2 : (a) Polarized optical absorption cross section data for semiconducting 
laser oven SWNTs f(b) Average of the spectra from the four samples (c) Modeling 
of spectra of (b) to show the effect of depolarization The solid curve is for cry. And 
the dashed line is for ax with depolarization effect and the dotted is a± without this 
effect. Adapted from Ref. [26]. 
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anisotropy was attributed to the presence of ferromagnetic particles in their sample. 
With this degree of alignment, they were able to extract the polarized optical 
absorption cross section of SWNTs which can be seen in Fig. 3.2. They averaged each 
of the samples seen in Fig. 3.2(a) to get the spectra seen in (b). Then they modeled 
<7||, cr± with the effect of depolarization, and a± without this effect. For the latter 
case, it was shown by the dotted line of (c) that the cross-polarized optical transition 
Ei2 arises for ax- However, by including this effect (dashed line), they explain why 
they do not see this peak for their data in (b). They attribute the depolarization 
effect to screening from inducing charge on the surface of the nanotube [26, 17]. 
3.3 Influence of Ferromagnetic Particles on Ax 
As a way to probe the reasoning behind the large A;\; found in their previous work 
(Sect.3.2), the Kikkawa group at University of Pennsylvania wanted to investigate the 
influence of ferromagnetic catalyst particles on the magnetic alignment of SWNTs 
[27]. They performed magneto-absorption spectroscopy on fractionated and unfrac-
tionated HiPco and laser oven nanotubes. To remove ferromagnetic catalysts from 
their fractionated samples, they utilized a magnetic gradient by passing their nan-
otubes through a magnetic flow chamber. Figure 3.3 shows data comparing S(B) the 
fractionated and unfractionated for both types of SWNTs. In the absence of most 
of the contribution from ferromagnetic particles, they extracted A^ for laser oven 
nanotubes to be A \ ~ 3.2 ± 0.8 x 10~5 emu/mol: however no value of A \ for their 
-20 
Magnetic Field (T) 
Figure 3.3 : S(B) for fractionated (no contribution from ferromagnetic (FM) parti-
cles) and unfractionated (with contribution) (a) HiPco and (b) laser oven SWNTs [27]. 
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-8 -6 -4 -2 0 2 4 6 8 
Magnetic Field (T) 
Figure 3.4 : S(B) for /2-driven (SWNTs aligning due to FM particle contribution and 
magnetic susceptibility anisotropy denoted by the solid line) and A ^ -driven (align-
ment is only from magnetic susceptibility anisotropy denoted by the dashed line) 
SWNTs. Note that the latter has a much lore alignment, whereas the former reaches 
complete alignment at much smaller fields [27]. 
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HiPco sample was reported [27]. Figure 3.3 illustrates the vast difference between 
the influence of SWNTs whose alignment is not from A \ , but rather it results from 
p., permanent magnet moments imposed on select SWNTs. This effect of //-driven 
SWNTs saturates at B > 1 T, therefore experiments about that threshold should 
have little contribution of these SWNTs in a large ensemble. 
3.4 Chirality Dependence of 
At much lower magnetic fields than Zaric et al. (up to 7 T) the Kikkawa group at 
University of Pennsylvania, continued their work on magnetic alignment by carrying 
out magneto-PL measurements on DNA-wrapped CoMoCAT SWrNTs. They were 
able to subtract out the magnetic susceptibility anisotropy of DNA [28] (Ax ~ 0.86 ± 
0.3 x 10~6 emu/mol) to measure four different magnetic susceptibility anisotropics 
for the (6.5), (7,5), (8,3) and (6,4) semiconducting nanotubes. As a result, they 
found that the diameter dependence predicted by Ajiki, Ando, and Lu was not valid 
for the nanotubes in their sample. Their values for A \ follow a chiral index family 
dependent model as seen in Fig. 3.4. Nonetheless, they found overall agreement with 
previous literature that Ax is ~ 10"5 emu/mol for semiconducting nanotubes. The 
result that Ay is not a function of diameter was later shown theoretically for zigzag 
semiconducting nanotubes (where m = 0 for (n,m) chirality) [29]. 
-23 
0,68 0.72 0.76 0.80 0.84 
D (nm) 
O Data 
— D» 1 
= Theory 
v — +1 
V' v = -1 ab initio 
X v = +1 
Q 
£ 
0.6 0.8 1.0 1.2 
D (nm) 
Figure 3.5 : A^ as a function for diameter for semiconducting CoMoCAT nanotubes 
from Ref [28]. The data in (a) is fit to the family dependent theory shown in B for 
many nanotubes. 
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Chapter 4 
Magnetic Susceptibility Anisotropy of Metallic 
S W N T s 
Polarized magneto-optical absorption measurements on length-sorted, (6,5)-enriched 
CoMoCAT SWNTs were made using the 35 T Hybrid Magnet in the High Magnetic 
Field Facility of the National Institute of Materials Science in Tsukuba, Japan. We 
present the first experimental estimation of the magnetic susceptibility anisotropy of 
metallic single-walled carbon nanotubes showing their large susceptibility anisotropy. 
We also present a comparison of the magnetic susceptibilities of metallic and semi-
conducting nanotubes within the same sample and show that the suceptibilites are 
2 — 4 x greater in metallic nanotubes. Previous work (chapter 3) was limited to semi-
conducting nanotubes because of the method of using magneto-photoluminescence 
to estimate the magnetic susceptibility of their respective HiPco or CoMoCAT nan-
otubes. 
4.1 Experimental Methods 
4.1.1 Sample 
CoMoCAT SWNTs were suspended in 1% sodium deoxycholate and length sorted 
by dense liquid ultracentrifugation [30] to have an average length of ~ 500nm. PLE 
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Figure 4.1 : PLE map of our NIST (6,5)-enriched length- sorted CoMoCAT sample. 
Note that there are only a few chiralities present. Also note that in the "Valley of 
the metals" there is no luminescence present. 
and UV-Vis-NIR absorption spectroscopy for this CoMoCAT sample can be seen in 
Figs. 4.1 and 4.2, respectively. Note that the sample is well separated for a single 
chirality (6.5) although other chiralites are present in the PLE map. Also, note that 
PLE is limited to only information about semiconducting nanotubes in the sample 
because metallic nanotubes do not fluoresce due to the absence of a bandgap. 
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Energy (eV) 
Figure 4.2 : Absorbance spectra from UV-Vis NIR Spectroscopy of our NIST (6,5)-
enriched length- sorted CoMoCAT sample. 
Conversely, UV-Vis-NIR absorption spectroscopy yields qualitative information 
about, the individualization, interband transitions, and chiralites present in a given 
sample for both metallic and semiconducting nanotubes. In the range of 1 to 5 eV, 
there are five main optical transitions for SWNTs as labeled in Fig. 4.2: a) E n 
semiconductor, b) En metallic, c) E22 semiconductor d) E:i;<, semiconductor, and 
e) i?44 semiconductor transitions. For this sample, note that there is a very high 
absorbance in En of (6,5) in comparison to that of E-n and other optical transitions 
of other chirality nanotubes. This was achieved by combining several long fractions 
from three different but similar CoMoCAT batches. 
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In each case, the nanotubes were dispersed with 1 h tip sonication (1/4" tip, 
~ 85 mL batches, in ice bath) in 2% mass/vol sodium deoxycholate solution. The 
liquid was then centrifuged for 2 h at 10 °C and 18000 RPM in a JA-20 rotor, which 
provides roughly 38000 G max acceleration. After the two hours, the supernatant 
was collected and the bottoms discarded. These solutions were then concentrated 
against a 30 kD membrane to increase the concentration, and then length sorted via 
ultracentrifugation at either 12000 RPM (15 °C) or 25300 RPM (4 °C) in a SW-32 
rotor for either ~ 74 h or 21 h, respectively (equivalent integrated accelerations). 
The length separation was done in either 2% doc, 18% mass/vol iodixanol top layers 
(12 k sort) or with a 2% DOC, 15% mass/vol iodixanol top layer[31]. Fractions were 
sequentially extracted from the top and like fractions were combined from multiple 
tubes/runs. For this sample, fractions from different batches of similar length were 
added together, and the iodixanol removed by use of a forced filtration cell (with a 
30 kD membrane), with exchange into 1% DOC. 
Sample preparation methods to achieve chirality and metallic separations have 
created a very rich field and further progress will only yield a more ideal system to 
study ID physics in nanotubes and hopefully also lead to many useful applications for 
SWNTs. The major challenge preventing widespread technology on chirality separa-
tion is that the yields produced by methods like density gradient ultracentrifugation 
and other separation techniques like DNA sequencing are much lower than anything 
useful for applications at this time; on the order of 0.1 to 0.8 /iff per 100 /ig{32], 
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In comparison to previous work [18, 25], our sample also provided two distinct 
advantages for performing this experiment. First, our sample was length-sorted to 
yield an average length. Size exclusion chromatography is a well developed technique 
that, has been compared with atomic force microscopy (AFM) to insure the accuracy 
of the lengths produced [30]. Thus, there was no need to perform additional AFM 
to determine the average length statistically on a sample set of nanotubes present in 
our solution. Furthermore, in Ref. [18] the average length was reported to be 300 
nm, and therefore, the alignment from our sample should be much better because 
we are using longer tubes, 1 /i m. The second advantage of our sample comes from 
the fact that it is enriched for chirality from CoMoCAT batches. When our group 
tried magneto-absorption spectroscopy with HiPco [18], results and analysis were 
very complicated due to the many different chirality nanotubes present in that type 
of sample. With our sample, we are limited to a small number of nanotubes with four 
dominate semiconducting nanotubes [(8,3),(6,4),(7,5) and (6,5)] and three metallic 
nanotubes [(6,6), (7.4) and (5,5)]. 
4.1.2 Hybrid Magnet 
The hybrid magnet at the National Institute of Material Science allows users to 
operate at DC fields up to 35 T[33]. The term hybrid comes from the fact that the 
resistive insert sits inside of the 400 mm bore of a superconducting magnet whose 
maximum field is 14.2 T . The resistive insert is made up of three Bitter magnet coils 
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(Fig. 4.3) with 10.4 T coming from the inner coil, 7.9 T from the middle coil and 
5.8 T from the final outer coil. 
Adding these fields together gives a total of 37.3 T only surpassed in DC fields by 
the 45 T Hybrid at the National High Magnetic Field Laboratory in Tallahassee, FL 
[34]. The sample space for this magnet is 32 mm and is held at room temperature. 
The magnet is placed underground as seen in Fig. 4.4. 
4.1.3 Experimental Setup 
A Xe lamp fiber coupled to a custom optical probe allowed for broadband white-light 
excitation of the En metallic, E22 semiconductor, and E3:i semiconductor optical 
interband transitions of SWNTs. The solution sample was held in a cuvette with a 
film polarizer directly on the front face to allow for linear polarization of the incident 
light. Collimated light was collected with another fiber and dispersed through a 
monochromator where the spectra were measured using a Si CCD. A schematic of 
the sample probe can be found in Fig. 4.5, The temperature of the sample was ~ 
300 K. 
4.2 Experimental results 
The spectra from our polarized magneto-optical absorption spectroscopy of 0 to 35 T 
are shown in Fig. 4.6. The data is not intentionally offset, indicating an increase 
in absorbance for light polarized parallel to the nanotube axis, and a decrease in 
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Figure 4.3 : Resistive Magnet Insert Coils of Bitter Magnet adapted from [33] 
Figure 4.4 : Photograph of the NIMS Hybrid Magnet 
-32 
Figure 4.5 : Optical path of Polarized Magneto-optical Absorption Spectroscopy 
Probe [35], 
absorbance for light polarized perpendicular to nanotube axis. This is due to the 
fact that nanotubes selectively absorb light in the direction along the nanotube axis 
corresponding to the amount of the alignment caused by the increase in magnetic 
field. 
From the theory of linear dichroism for an ensemble of anisotropic molecules, 
the following quantity can be shown to be constant, independent of the degree of 
alignment: 
(4.1) 
Here, A\\ describes the absorption of light polarized parallel to the orientation axis, 
and A± describes absorption of light polarized perpendicular to the orientation axis. 
Aq for 35 T is also shown in Fig. 4.7 as a red dashed line. Note that it coincides 
with absorbance at 0 T, confirming that A0 is indeed independent of alignment (or 
B). This is because at 0 T, A\\ = A±. For subsequent fields (B / 0), the increase in 
absorbance for A\\ and the decrease of absorbance seen in A± is such that the ratio 
of the two still preserves A0 for the case of a rigid rod [36] (in our case a nanotube). 
Linear dichroism (LD) is defined as the difference between the absorbance of 
polarized light parallel to the orientation axis and the absorbance of the polarized light 
perpendicular to the orientation axis. To adjust for differences in relative absorbances 
due to the fact that our sample is enriched for (6,5), the LD is divided by A0 yielding 
the following result for reduced LD (LDR) [36]: 
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Figure 4.6 : Polarized Magneto-optical Absorption Spectroscopy from 0 to 35 T 
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Figure 4.7 : Absorbance spectra (solid black) for 0 T and 35 T with all peaks assigned 
from our sample. The unpolarized isotropic absorbance (dashed red) is calculated 
from the magnetic field data and agrees well with that of the 0 T data. 
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Figure 4.8 : Reduced Linear Dichroism vs Energy (eV) from measured data. The 
largest peak is from metallic nanotubes (G.6) and (7,4). 
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3 cos2 a — 1 (4.3) 
2 
where S is the nematic order parameter describing the degree of alignment for an 
optically anisotropic rigid rod whose angle a determines the angle between the rigid 
rod and that of the transition moment. For our case, the absorbance of light that 
is measured is only from light absorbed along the tube axis. Therefore, a = 0; and 
furthermore. Equation 4.2 becomes: 
The measured values for LDR spectra at B = 35 T can be seen in Figure 4.8. 
Qualitatively, it is evident that the region of Eu metallic transitions (~2.5 to 3.2 eV) 
has the largest values for LDR, but detailed fitting is required to extract the magnetic 
alignment properties of each chirality nanotube present in our sample. 
4.3 Analysis 
4.3.1 Fitting Methods 
The results in Fig. 4.7 along with other magnetic fields up to 35 T were fit utilizing 
following expression: 
Lorentzian. The linewidths of each Lorentzian were consistent with previous work 
for absorption spectroscopy in the Visible and UV [37, 38, 39]. Applying this algo-
(4.4) 
N 
4^fit = ^offset + ^nanotubes 
(=0 
where i, N G Z4" and each chirality nanotube in by £A ln anotubes is represented as a 
(4.5) 
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rithm to each magnetic field, the peak centers and widths were held constant at the 
values determined at B = 0 and the amplitudes were allowed to float freely. For 
increasing magnetic field parallel with the polarizaiton of the light, the amplitude of 
each Lorentzian is increased in the same manner as the absorbance of each spectrum. 
Similarly, as the magnetic field increased with light perpendicular to the tube axis, 
the amplitudes of the Lorentzians decreased. 
Due to the proximity of our spectral range (1.7-5 to 3.6 eV) with UV spectral 
features such as the 7r plasmon peaks [40] and E44 semiconductor transitions, we 
added a nonlinear offset to our fitting equation also seen in Fig. 4.9 and denoted by 
^offset- After adding each Lorentzian with offset, the fit, for that field can be made with 
the experimental data as seen in Fig. 4.9 as a red dashed line. The physics behind 
this offset can be attributed to 7r plasmon peaks, pellets, bundles, light scattering 
etc. [38, 37]. Regardless of its origin, the offset shows a dependence in magnetic 
linear dichroism which can be seen in Fig. 4.9 by looking at the difference in each 
offset for 0, 35 T parallel and 35 T perpendicular. 
For each magnetic field, the parallel and perpendicular spectra were fit simul-
taneously with the 0 T spectrum. The following constraints were imposed on the 
fitting equation for each Lorentzian to preserve the optical anisotropy intrinsic to 
each nanotube feature: 
AI\\ + 2 AI± , , 
A I 0 = 3 (4 .6) 
where t; = 1, 2, 3, etc. corresponding to each Lorentzian or chirality nanotube, and 
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Figure 4.9 : Fitting results for 0 T and 35 T. The data (black) is fit, by the sum 
of each individual chirality nanotube (blue) and the addition of a susceptible offset 
(blue). The sum of these individual fits is shown as a red line. All spectra were fit 
simultaneously and data for subsequent fields was performed in the same manner. 
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the amplitude, A. The decomposed fits for 0 T and 3-5 T can be seen in Fig. 4.8 with 
each Lorentzian assigned to a different chirality. 
4.3.2 Fitting Results 
Figure 4.11 shows the Lorentzians resulting from fitting for the (7,5), (6,5), (6,6), 
and (5,5) nanotubes at 0 and 35 T. These Lorentzians along with the others for the 
nanotubes present in our sample were used with Equations 4.1 and 4.2 to calculate LD 
and LD'\ respectively. Note that L Dr shown in Fig. 4.11 is different than that shown 
previously in Fig. 4.7. This is a direct result of calculating LDr from each Lorentzian 
of different chirality versus calculating LDr from the entire spectra of measured data; 
i.e., all of the chiralities at, once. Furthermore, from our fitting procedure, LD for 
each chirality nanotube should just be a Lorentzian. Thus, from mathematics, we 
know that dividing by a Lorentzian of the same peak center and width should yield 
a constant value for LDr. This is also confirmed by the fact that Equation 4.3 yields 
a constant value for LD'' because S by definition is constant. As a result, one can 
extract information on the alignment for each nanotube. It is evident that the values 
are much larger for the metallic than the semiconducting nanotubes suggesting that, 
the alignment is higher at 35 T. 
In the previous paragraph, it is stated that S is a constant. The nematic order 
parameter S is defined as the degree of alignment, such that S = 3 < c o s 2 />~1 where 
< ... > is the average value. For the case of a rigid rod [36], 0 is the angle between 
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Figure 4.10 : Lorentzians for different chirality nanotubes at 0 and 35 T. 
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Figure 4.11 : LD'vs. Energy (eV) derived from fitting for each individual chirality 
nanotube in our sample. The metallic tubes (red) are higher than the semiconducting 
nanotubes (blue dotted). 
the magnetic field and the nanotube axis. By definition, S takes an ensemble average 
of the many 0 given in a solution. Thus, for the case when S = 0, the nanotubes are 
completely randomized. Conversely, when 5 = 1 , all nanotubes in the solution are 
completely aligned upright with the axis. 
This allows us to use the relation S = LDr /3 to calculate measured S from LDr 
of each nanotube as seen in Fig. 4.11 and extract a measure of alignment,. Due to the 
fact that our measurements were at B > I T , the effect of ferromagnetic material 
present in our sample will be saturated and did not, effect our measured values for S 
or [27]. S as a function of magnetic field is plotted in Fig. 4.12 with the largest 
alignment seen from both armchair nanotubes (n = m for (n .m) chirality nanotube). 
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Figure 4.12 : S vs B 
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4.4 Discussion 
The probability of an ensemble of nanotubes to align with angle 9 between the nan-
otube axis and B can be approximated by the Maxwell-Boltzmann distribution [25]: 
exp(—u2 sin2 9) sin 9 
f ^ 2 exp(—u? sin2 9) sin 9(19 pm = . i : . . . (4-7) 
where u = y B2kJrX ' s a dimensionless measure of the relative importance of the 
magnetic alignment energy (B2NAx) and the thermal energy ( '^BT1). Here N is the 
number of carbon atoms per average length of the nanotubes in our sample (1 /irn), 
kyi represents Boltzmann's constant, and T is the temperature. 
For the specific case of an ensemble of nanotubes aligning with magnetic field in 
solution with probability Pu(9), we can derive the following by making use of Dawson' 
s function [41]: 
where erfi is the imaginary error function (erfi(u) = J0'" cr ~'~ dt). 
Using this equation for S(u) as plotted in Fig. 4.13, we were able to extract 
for each nanotube as seen in Table 4.1. The values for the three metallic nanotubes, 
(7,4), (5,5), and (6,6), are all higher than those for the semiconducting nanotubes. 
Furthermore, it is evident that the magnetic susceptibility anisotropy of the metallic 
nanotubes here are consistent with the prediction [24, 23] in that metallic nanotubes 
have Ax ~ 2 — 6x larger than those in semiconducting nanotubes, depending on 
the diameter. This large difference in magnetic susceptibility anisotropy is a direct 
0.1 1 10 
u 
Figure 4.13 : Model of S vs. u 
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consequence of the Aharonov-Bohm physics causing the band structure to change in 
the form of the bandgap opening in metallic nanotubes and the bandgap shrinking 
for semiconducting nanotubes. 
Specifically for metallic nanotubes, this causes a large paramagnetism in the di-
rection along the tube axis. This additional attraction towards the magnetic field 
manifests itself in the from of higher Ax- Figure 4.14 shows a direct comparison of 
the alignment with magnetic field for (6,6) and (6,5). Theoretically, larger anisotropy 
results in more alignment at lower fields, and higher at the same field and both of 
these attributes are shown in this graph. 
The values for metallic nanotubes in Table 4.1 do not follow a strict diameter 
dependence which is predicted for zigzag semiconducting nanotubes [29] and shown 
experimentally in chiral semiconducting nanotubes [28]. It is also important to note 
that the chiral metallic nanotube, (7,4), has a value for A^ lower than those found 
in armchairs of this study. A detailed study on a metallic enriched sample should 
yield many more metallic nanotubes to investigate this result (comparing metallic, 
zizag, and chiral metallic nanotubes) in the future. Nonetheless, this work shows 
experimentally that for SWNTs Ax is from 2-4 x larger (depending on the chirality) 
in metallic nanotubes in comparison to semiconducting nanotubes. 
When evaluating A \ for the semiconducting nanotubes in Table 4.1, it is in-
teresting to note that our values for Ax are in agreement with values previously 
reported [18, 2-5. 27. 28]. Ax extracted for (6,5) and (6,4) are similar to theoreti-
Magnetic Field (T) 
Figure 4.14 : S vs. B of (6,6) vs. (6-5) 
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Table 4.1 : Comparison of values of magnetic susceptibility anisotropy from previous 
theoretical and experimental studies and this work. For each chirality nanotube 
(n,m), the diameter d and the chiral index v is given followed by estimated theoretical 
and experimental values of Ax- All values for Ax are ~ 10"5 emu/mol with the 
first two columns of A \ th corresponding to theoretical predictions for 30K and 300K 
respectively. For the last two columns, Ax e x p are measured values for A^ with the 
last column for the present work. 
n, m) d (nm) V Q ( ° ) A xth A W A Xexp^ A Xexp 
(6,6) 0.81 0 30 6.38 3.92 3.63 
(5,5) 0.67 0 30 5.32 3.39 3.35 
(7,4) 0.75 0 21 5.92 3.70 2.44 
(8,3) 0.77 -1 15 1.48 1.46 1.4 2.13 
(7,5) 0.81 -1 24 1.57 1.-55 1.4 1.66 
(6,5) 0.74 1 27 1.44 1.42 1.2 1.01 
(6,4) 0.68 -1 23 1.31 1.29 1.4 1.24 
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cal predictions for those chiralities. Our values for (8,3) and (7,5) are higher than 
those predicted [16, 24, 23, 29] and found experimentally by [18, 25, 28], but are 
in close agreement to the A\- ~ 3.2 ± 0.8 x 10~5 emu/mol reported for laser oven 
nanotubes [27]. Also as in previous studies [29, 28], our work does not follow a strict 
diameter dependence yielding further experimental evidence that is not just a 
function of diameter, but the chiral angle and the family dependence of chiral index 
v are important factors. 
4.5 Conclusion 
In conclusion, we have successfully presented A^ for metallic single-walled carbon 
nanotubes and confirmed that they are much larger than those of semiconducting 
nanotubes as predicted. We also compared magnetic susceptibilities of semiconduct-
ing and metallic nanotubes of the same sample experimentally. Lastly, we were able 
to confirm previous experimental results for the chirality dependence of the magnetic 
susceptibility anisotropy in semiconducting nanotubes and found that this is also true 
for metallic nanotubes. 
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